Abstract: Aluminum metal is a promising anode material for next generation rechargeable batteries owing to its abundance, potentially dendrite-free deposition, and high capacity. The rechargeable aluminum/sulfur (Al/S) battery is of great interest owing to its high energy density (1340 Wh kg À1 ) and low cost. However, Al/S chemistry suffers poor reversibility owing to the difficulty of oxidizing AlS x . Herein, we demonstrate the first reversible Al/S battery in ionic-liquid electrolyte with an activated carbon cloth/sulfur composite cathode. Electrochemical, spectroscopic, and microscopic results suggest that sulfur undergoes a solid-state conversion reaction in the electrolyte. Kinetics analysis identifies that the slow solid-state sulfur conversion reaction causes large voltage hysteresis and limits the energy efficiency of the system.
Rechargeable aluminum batteries (RABs) based on Al metal anodes have attracted lots of attention recently as one promising beyond-lithium-ion-battery system because Al provides a very high capacity (2.98 Ah g À1 and 8.05 Ah cm À3 ) and it is the most abundant metal element in the earth's crust. Although reversible Al deposition/stripping in non-aqueous electrolyte at room temperature is challenging owing to the tendency of Al to form a surface passivation layer, [1] it was shown to be possible in ionic liquid-based electrolyte with up to 100 % Coulombic efficiency. [2] Generally, previous reports of RABs using ionic-liquid electrolyte can be summarized into two categories according to their distinctive cathode reactions. The first category functions by anion (Cl À , Al x Cl y À ,etc.) insertion into graphite or other carbonaceous materials. [3] [4] [5] [6] This dual-ion operation mechanism inevitably induces electrolyte concentration decline during battery charging. Consequently, the attainable energy density of the battery is compromised by the amount of salt in the electrolyte. The other category is a rocking-chair system which functions by Al 3+ intercalation at cathode. This type is more preferred since the overall electrolyte concentration remains constant during battery operation. Nevertheless, previous investigations show inferior performance. [7, 8] To realize the promising metrics of RAB, there is a need for developing high voltage/capacity cathodes.
As a high capacity cathode material (1675 mAh g À1 ), sulfur has attracted intense interest in Li/S, [9, 10] Mg/S, [11, 12] and Na/S [13, 14] systems. A rechargeable Al/S battery is also of great interest because of its high cell capacity (1072 mAh g À1 of total electrode mass), reasonable voltage (1.25 V), and low cost. Overall, the gravimetric energy density is 1340 Wh kg À1 , over three-times that of a commercial LiCoO 2 /graphite cell and close to that of a Li 2 S/silicon cell. [12] The high energy density and low cost makes the Al/S system a very promising battery system for electric vehicles and grid energy storage. Motivated by this potential, Cohn et al. recently demonstrated a primary Al/S battery with capacity close to the theoretical value. [15] Up to now, there was no demonstration of reversible Al/S battery owing to the inability to oxidize AlS x . Herein, we demonstrate the first reversible Al/S battery in an ionic-liquid electrolyte by enhancing the oxidation kinetics of AlS x via encapsulating sulfur into microporous activated carbon (pore size < 2 nm). Electrochemical, spectroscopic, and microscopic observations indicate that sulfur undergoes a solid-state conversion reaction. Kinetics analysis suggests that the system is limited by this slow solid-state sulfur conversion reaction. Raising temperature was shown to be an effective approach to overcome the kinetic limitation and thus decrease the voltage hysteresis.
The room temperature ionic-liquid electrolyte was made by mixing AlCl 3 with 1-ethyl-3-methylimidazolium chloride (EMIC) in an atomic ratio of 1.3:1. The activated carbon cloth (ACC)/sulfur composite was fabricated following previous reports. [10, 16] N 2 adsorption/desorption isotherm shows type I behavior ( Figure S1 in the Supporting Information), indicating the microporous structure of ACC. The BrunnauerEmmett-Teller (BET) specific surface area decreases significantly from 2376.6 m 2 g À1 to 1532.8 m 2 g À1 and the micropore volume decreases from 0.93 cm 3 g À1 to 0.61 cm 3 g À1 after sulfur impregnation. A typical charge/discharge curve of the ACC/S cathode in Li/S battery is given in Figure S2 . Aluminum deposition/striping and the anodic stability of the electrolyte on glassy carbon are given in Figure 1 a. The deposition of Al occurs through the reduction of Al 2 Cl 7 À to Al, [2] which starts at a low over-potential and proceeds at very fast kinetics (À30 mA cm À2 at À0.5 V vs. Al reference electrode; Figure 1 a) . Charge balance curve (the inset of Figure 1 a) shows the deposition/striping process is highly reversible with a Coulombic Efficiency close to 100 %. The electrolyte is thermodynamically stable up to around 2.7 V on an inert current collector (glassy carbon) (Figure 1 a) , where anodic decomposition occurs (4 AlCl
On a non-inert current collector (Inconel alloy), the electrolyte is also stable up to 2.7 V except for self limited interfacial instability on the Inconel at 1.35 V. At this potential, corrosion of Inconel alloy leads to surface passivation, which ensures kinetic stability ( Figure S3-S5 ). For this reason, Inconel alloy was used as cathode current collector for testing Al/S battery. The Al/S battery was made by coupling the ACC/S cathode with an Al foil anode in a Swagelok cell. The typical charge/discharge profile of the Al/S cell at 50 mA g s À1 shows a single discharge (ca. 0.65 V) and charge plateau (1.40 V) (Figure 1 b) . This behavior is quite distinctive from the typical twostage voltage profile in Li/S system [9, 10] (Figure S2 ) or Mg/S system [11, 12] using ether-based electrolyte, but resembles Li/S system based on some ionic liquid electrolyte, [17, 18] and solid state Li/S battery, [19] implying a similar reaction mechanism: a solid-state conversion reaction of sulfur to aluminum sulfide. To confirm this hypothesis we first measured the solubility of different sulfur species in the ionic liquid electrolyte. As presented in Figure 1 c, sulfur, "aluminum polysulfide" (Al 2/3 S 6 ) and aluminum sulfide (Al 2 S 3 ) have similar low solubility (very slightly soluble). Their solubility is comparable to that of sulfur in tetraglyme, but is two orders of magnitude lower than Li polysulfide (Li 2 S 6 ; see more explanation of the terms in the Supporting Information). [20, 21] Moreover, ICP-OES shows low sulfur loss into the electrolyte after cycling (5.9 AE 1.1 wt % of all loaded sulfur compared to 25 wt % in ether-based Li/S cells). [9] These results support the notion that sulfur undergoes a solid-state conversion reaction. A maximum capacity of approximately 1320 mAh g s À1 can be obtained at 50 mA g s À1 , corresponding to a sulfur utilization of 58 % after excluding the contribution of activated carbon (Figure S6) . Remarkably, cycling stability demonstrates 1000 mAh g s
À1
for over 20 cycles (Figure 1 d) , illustrating the substantially improved reversibility for the sulfur reduction/oxidation reaction. High loading electrodes (> 1 mgcm À2 ) suffer low sulfur utilization. Still, they show reversible behavior ( Figure S7) . [15] The enhanced reversibility in our system could be explained by the confinement of the reduced AlS x species in the micropores (< 2 nm), which effectively facilitates sulfide oxidation kinetics upon charging owing to its ready electron access, large reaction area, and shortened solid state Al 3+ diffusion length . Additionally, the low sulfur loss also benefits the high stability of this system. Spectroscopic and microscopic measurements were performed to understand the reaction mechanism. X-ray diffraction (XRD) was conducted to examine the phase change of sulfur in the Al/S battery (Figure 2 a, for material characterization see Supporting Information). After discharge all the sulfur peaks disappeared as a result of its electrochemical reduction but no new peaks emerge. X-ray photoelectron spectroscopy (XPS) was conducted to examine the oxidation state change of sulfur species. The S 2p and Al 2p spectrum of Al 2 S 3 powder was measured as reference ( Figure S8 ). The XPS depth profile of the discharged ACC/S was collected at different Ar sputtering durations to avoid the influence of surface residual electrolyte following a previous study [22] ( Figure S9 , see discussion in Supporting Information). The S 2p spectrum of discharged ACC/S with 1 h sputtering is given in Figure 2 b with the spectrum of Al 2 S 3 plotted for comparison. Fitted with constrained spin-orbit split doublets, the S 2p spectrum of discharged ACC/S consists of four components located at 161.7 AE 0.1 eV, 162.5 AE 0.1 eV, 163.4 AE 0.1 eV, and 165.7 AE 0.1 eV, which are assigned to fully reduced sulfur (S 2À ), partially reduced sulfur (S À ), elemental sulfur (S 2-4 ) and sulfite, respectively. Note that not all the sulfur has been fully reduced, which is in good agreement with the electrochemical results, showing that at room temperature the sulfur utilization in the ACC/S cathode cannot reach 100 %. Also note the surface of Al anode is free of dendrite after cycling ( Figure S10 ). Based on these results, the reaction mechanism during discharge/charge was suggested as Scheme 1.
A large voltage hysteresis (ca. 0.78 V at 50 mA g s À1 ) was observed during charge/discharge (Figure 1 b, Figure S11 ), which leads to a low roundtrip efficiency of the Al/S system. Among all kinetics inhibitors, ohmic resistance and anode charge-transfer resistance are negligible owing to the electrolytes high conductivity (15 mS cm À1 at 30 8C) [2] and fast Al deposition/striping kinetics (Figure 1 a) . Electrochemical impedance spectroscopy (EIS) results confirmed this hypothesis and further pointed out that cathode charge transfer contributes significantly to the overall voltage loss (Figure S12) , which is expected for the solid-state sulfur conversion reaction. Additionally, polarization resulting from the sluggish Al 3+ diffusion in the AlS x and S/AlS x phase boundary movement should also have a large impact on the kinetics. A depolarization experiment was performed to evaluate the magnitude of these polarizations ( Figure S13 ): A sudden voltage jump of < 0.15 V, accounting for the fast removal of ohmic overpotential and charge-transfer overpotential, was observed immediately after the applied current was withdrawn. In contrast, it takes more than 24 h to eliminate other polarizations (> 0.3 V) and relax the battery potential to equilibrium. Thus, the Al/S battery is kinetically limited by the solid-state sulfur conversion reaction (including interfacial charge transfer, subsequent Al 3+ diffusion, and phaseboundary movement). To overcome the polarizations, we intentionally elevated the experiment temperature to 50 8C. The discharge plateau was raised to 0.75 V and the charge plateau was lowered to 1.25 V as a result of the expedited kinetics (Figure 3 a) . A clear decline in voltage hysteresis to 0.5 V was observed from dQ/dV curve (Figure 3 b) . A high capacity of 1750 mAh g s À1 (including the capacitive storage of carbon) reveals higher sulfur utilization of 83 %.
In conclusion, we demonstrated the first rechargeable Al/ S battery with an ionic-liquid electrolyte, by addressing the hurdle for oxidizing AlS x through confining sulfur species into microporous carbon (pore size < 2 nm), which can improve the electron access of sulfur species, enlarge the interfacial reaction area, and reduce the Al 3+ diffusion length. Experimental results indicate that sulfur undergoes a solid-state conversion reaction in this system. The readiness to oxidize AlS x and low sulfur loss into the electrolyte give a substantially improved reversibility: a capacity of 1000 mAh g s À1 for over 20 cycles, corresponding to an obtainable energy density of 650 Wh kg À1 . Moreover, the Al/S system shows dendrite-free deposition/striping at the Al anode. The large voltage hysteresis can be effectively reduced by elevating the temperature. The scientific insights obtained in this work shed light on the electrochemical sulfur reaction in a tri-valent cation environment and will facilitate progress on the way to realize a rechargeable Al/S battery.
